To continue our search for natural product-based compounds for the control of Brontispa longissima larvae, eight spin-labeled podophyllotoxin derivatives (4a-h) and the intermediates 2 and 3 were tested for their insect antifeedant activity against third-instar larvae of B. longissima. Among all the tested compounds, 4a, 4c, 2 and 3 showed pronounced antifeedant activities with AFC 50 values of 0.16, 0.31, 0.15 and 0.28 mg/mL, respectively. The different antifeedant activity ranges of these compounds indicated that variation of the structures of L-amino acids in these compounds markedly affected the activity profiles of this compound class, and some important SAR information has been revealed from it.
Brontispa longissima (Gestro), which is mainly distributed in Southeast Asia and the Pacific Ocean islands, is a destructive pest to palm plants [1, 2] . Control of B. longissima larvae is frequently dependent on continued applications of conventional pesticides, such as organochlorine, organophosphorus, carbamate, formamidines and pyrethroid insecticides. Although effective, their repeated use has produced risks in the development of insect resistance and residues to humans and the environment [3, 4] . These problems have highlighted the need for the development of new, more ecologically acceptable methods for B. longissima larval control. Accordingly, plant-based compounds may represent new alternative strategies for selective B. longissima larvae control, as they are biodegradable, eco-friendly, and safe to the environment. The discovery of new antifeedant leads from plant sources, followed by their use as prototypes for modification and structure optimization has recently been one of the important ways for the development of new antifeedants that offer considerable promise as components of emerging integrated pest management (IPM) [5] [6] [7] . In the course of our screening for novel naturally-occurring insecticides from plants in northwestern China, podophyllotoxin 1 and deoxypodophyllotoxin 2 were isolated from Juniperus sabina Linn. as either the main insecticidal or antifeedant components by bioassay-guided fractionation. These compounds and their numerous semisynthetic derivatives have also been investigated as new insecticides or antifeedants by our group, as well as others in recent years [8] [9] [10] [11] . In continuation of our program aimed at the discovery and development of bioactive molecules for B. longissima control [12] , we report here a series of podophyllotoxin derivatives as potential antifeedants (Figure 1 ). (1), isolated from Podophyllum emodi Wall var. chinesis Sprague, was confirmed by direct comparison with an authentic sample and spectral data reported previously [10] . The starting materials of N- (1- employing our previous procedures [13] . The intermediate 3 was prepared from 1 through successive 4-deoxylation by hydrogenolysis and 4'-demethylation with methanesulfonic acid/sodium iodide [11] . Then, compound 3 was condensed with the corresponding N- (1-oxyl-2, 2, 6, 6-tetramethyl-4-piperidinyloxycarbonyl) amino acids in the presence of N,N'-dicyclohexylcarbodiimide (DCC) and a catalytic amount of 4-dimethylaminopyridine (DMAP) to afford the target compounds 4a-h. The structures of the target compounds were identified by HRMS, ESR and IR spectral analysis.
Syntheses: Podophyllotoxin
Biological activity: Based on the methodology in Figure 1 , eight spin-labeled podophyllotoxin derivatives (4a-h) and the intermediates 2 and 3 were synthesized, and then their antifeedant effects against third-instar larvae of B. longissima were examined, Podophyllotoxin (1) was used as positive control. The results are summarized in Table 1 . Most of the compounds showed similar or superior antifeedant activity to podophyllotoxin (1) . The AFC 50 values of these compounds were either similar to or better than those of the prototypical compound podophyllotoxin (1). Among the test compounds, 4a, 4c, 2 and 3 possessed the highest overall antifeedant potency, with AFC 50 values of 0.16, 0.31, 0.15 and 0.28 mg/mL against third-instar larvae of B. longissima, respectively. From these antifeedant activity values, it emerged that there was a relationship between bioactivity and substituents at the α-carbon of the amino acid. For example, compound 4a or 4c containing Lglycine and L-valine groups exhibited more promising and pronounced antifeedant activity than 1. However, compounds 4d and 4f, bearing L-leucine and L-proline groups, had reduced activity compared with 1. Examination of the different amino acid linkages and the resulting antifeedant activity against B. longissima reveal the following order of activity: L-glycine > L-valine> L-alanine > Lisoleucine > L-phenylalanine > L-proline > L-leucine > L-tyrosine. These results indicated that the structures of L-amino acids have potential effects on the antifeedant activity of these compounds. The results also clearly underlined that the antifeedant difference could be ascribed to a combination of factors, like the nature of the substituent (which may depend on its size, electronic characteristics, and other factors) or by a different interaction at the site. Hence, a systemic, predictable correlation could be made between the nature of the amino acids and antifeedant activities. As can be seen, the introduction of a stable nitroxyl radical into the molecule of 3 with L-amino acids led to the potentiation of their antifeedant activity, which also indicated that the design and synthesis of these compounds should be beneficial for podophyllotoxin derivatives as antifeedants. Further studies will be undertaken to reveal the mode of antifeedant activity of these interesting compounds and to survey quantitative structure-activity relationships in order to find a biorational pesticide. In summary, the antifeedant activities of eight spin-labeled podophyllotoxin derivatives (4a-h) and the intermediates 2 and 3 were investigated in relation to their chemical structures. Among them, compounds 4a, 4c, 2 and 3 showed pronounced antifeedant activities with AFC 50 values of 0.16, 0.31, 0.15 and 0.28 mg/mL, respectively against third-instar larvae of B. longissima. The different antifeedant activity ranges of these compounds indicated that variation of the structures of the L-amino acids in these compounds markedly affected the activity profiles of this compound class, and some important SAR information was revealed. This research has provided a new class of compounds for further investigation toward the discovery of environment-friendly antifeedants.
Experimental
General: Melting points were taken on a Kofler melting point apparatus and were uncorrected. Mass spectra were recorded on ZAB-HS and Bruker Daltonics APEXII49e instruments, and the infrared spectra on a NIC-5DX spectrophotometer. The electron spin resonance (ESR) spectra were obtained with a Bruker A300 X-band EPR spectrometer. Optical rotations were measured on a Perkin Elmer 341 polarimeter in a 1 dm cell at 23 o C, and IR spectra on a Nicolet 5DX-FT-IR spectrometer on neat samples placed between KBr plates. The synthetic compounds were purified by flash chromatography on Merck silica gel (70-230 mesh). TLC involved the use of silica gel plates with a fluorescent indicator (Merck Silica Gel 60 F 254 0.25 mm thick).The N- (1-oxyl-2, 2, 6, 6tetramethyl-4-piperidinyloxycarbonyl) -amino acids were synthesized by employing our previous procedures [10] . The intermediate 3 was prepared from 1 by a modified previous procedure [11] .
General procedure of synthesis of 4a-h: A mixture of the corresponding N- (1-oxyl-2, 2, 6, 6-tetramethyl-4-piperidinyloxycarbonyl) amino acids (0.5 mmol), compound 3 (0.192 g, 0.5 mmol) and DMAP (20 mg) was stirred in dry CH 2 Cl 2 (10 mL) for 5 min at room temperature under nitrogen. N,N-dicyclohexylcarbodiimide (DCC,106 mg, 0.5 mmol) was added and the mixture stirred for 4 h. The reaction mixture was filtered and the filtrate evaporated. The residue was separated by CC on silica gel with CH 2 Cl 2 -acetone to afford compounds 4a-h.
